Abstract. This article focuses on the effect of iron (Fe) addition on the fabrication of Ti-alloys. Fe is a potential inexpensive element that can be added to Ti-alloys to reduce their cost. This metal can also be used to replace expensive β-stabilizing alloying elements, such as vanadium (V) and molybdenum (Mo), for Ti-alloys. Fe has also been utilized as a novel cost-effective alloying element to decrease Ti-alloy costs and to design other alloys, such as Ti metal 62S (Ti-6Al-1.7Fe-0.1Si) and Ti-Fe-O-N Ti-alloy. This technical perspective has been further applied to fabricate new Ti-alloys. For example, Ti8LC and Ti-5.5Al-1Fe with good mechanical features have been developed as novel Ti-alloys in China and Japan, respectively. Nowadays, vanadium (V) of Ti6Al-4V alloy is completely replaced with Fe to produce Ti-Al-Fe alloy series. Three new alloys, namely, Ti-6Al-xFe, where x = 1, 2, and 3 wt%, are introduced to examine the effect of Fe addition on the microstructure and mechanical properties of Ti-alloys.
gears for Boeing 787, which require very high strength, sufficient toughness, and fatigue resistance. Dual phase (α+β) alloys are useful for aerospace applications because of their balanced strength and toughness at high temperatures [18, 21] . Fig. 1 Crystal structures of α (hcp) and β (bcc) phases [21] .
Classification of Ti-Alloys
Titanium alloys can be classified according to the dominant phase(s) in their microstructures in the following ways: a mono-phase structure which includes alpha (α) or beta (β) and a dual phase (α+β) structure. This classification depends on the amount of elements that act as stabilizers of alpha (α) or beta (β) phases [2, 22] . The α-alloys are often alloyed with aluminium and tin. The α-alloys and near-α-alloys are closely identical and composed of a predominant α-phase with an almost similar microstructure (Figure 2 ) [20] . The metastable β-alloys contain sufficient concentrations of β-stabilizing elements, such as vanadium (V) and molybdenum (Mo). These materials are highly forgeable and exhibit high fracture toughness. The β-alloys possess higher density and poor ductility and thus are useful for burn-resistant and corrosion resistant applications. Figure 3 illustrate a microstructure of a β-alloy [20] . Fig. 2 The optical micrograph of an α alloy (Commercial titanium) [20] . Fig. 3 The optical micrograph of a β alloy (Ti-10V-2Fe-3Al) [20] .
Dual phase (α+β) alloys consist of α-phase and retained or partially transformed β-phase. These alloys are fabricated with stabilizing elements for both constituent phases. The main compositions that have found wide interest are based on Ti-xAl-yV and Ti-xAl-yFe systems, whose aluminum (Al) component functions as a strong α-stabilizer and vanadium (V) and iron (Fe) act as β-stabilizers [15] . The coexistence of α and β-phases in these alloys enhances the heat treatment, which is applied to develop various microstructures and mechanical properties. The micrographs in Figs. 4 and 5 show two types of Ti-6Al-4V microstructures as examples of (α+β) alloys, which are bi-modal and lamellar, respectively [15, 20, 23] .
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Typical Alloying Elements of Titanium
Alloying elements added to titanium can be classified as neutral, α-stabilizers, or β-stabilizers based on their influence on their β-transus temperature. Fig. 6 shows the common alloying elements usually added to titanium and their effects on β-transus [2, 19, 21, 24] . The α-Stabilizing elements extend the α-phase field to higher temperatures, whereas β-stabilizing elements decrease the β-transus temperature and promote the formation of the β-phase, which may exist at room temperature. Neutral elements slightly influence the β-transus temperature. In addition to regular alloying elements, non-metallic elements exist as impurities [2, 21, 25] . Among the α-stabilizers, aluminium (Al) is the most important alloying element of titanium. Interstitial elements, such as oxygen, nitrogen, and carbon, also belong to this category. The α-stabilizers not only extend the α-phase field to high temperatures but also develop a two-phase α+β field [2, 19] . The β-stabilizing elements can be subdivided into two types, namely, isomorphous and eutectoid. The isomorphous stabilizers include Mo, V, W, Ta, and Nb, which are highly soluble in titanium. The eutectoid stabilizers include Fe, Cr, Mn, Co, Ni, Cu, B, and Si, which precipitate intermetallic compounds, such as TiFe, Ti2Cu, TiB, and TiB2, into their microstructures [8, 16, [26] [27] [28] . Therefore, the eutectoid stabilizers have a limitation on the percentage that can be used in the composition of Ti-alloy. For instance, the required amount goes from as low as 3% in iron to as high as 13% in the case of copper [15, 25] . This parameter should be considered during the alloying addition of eutectoid stabilizers to titanium because it provides precipitation strengthening or age hardening mechanisms [27] . Ti-alloy becomes a metastable or stable β-alloy depending on the amount of β-stabilizers present in an alloy [26] . In some compositions, α-and β-phases can coexist [19] . Tin (Sn) and zirconium (Zr) are neutral elements because they have nearly no influence on the β-transus temperature [16] .
Potential of Iron as an Alloying Element
Currently used Ti-alloys are costly because of alloying additives. However, Fe is a potential alloying element because it can reduce material costs and improve alloy properties [15, 29, 30] . The
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amount of Fe addition is limited by the formation of an intermetallic compound. In a binary Ti-Fe alloy, Fe content in excess of 3 wt.% results in the formation of a brittle FeTi intermetallic precipitate along the titanium prior particle boundary [15] . Hideki and Kazuhiro (2002) investigated Ti-5.5Al-1Fe alloy containing Fe to substitute the Ti-6Al-4V alloy containing vanadium (V), which is an expensive β-stabilizing element, and to reduce costs [11] . They concluded that this alloy possesses unique features, such as high fatigue resistance and excellent strength-ductility relationship, which can be strengthened by heat treatment. The formation of brittle FeTi phase should be further examined when this alloy is used at high temperatures [11, 30] .
Cost Reduction Approach
The major drawback of Ti-alloys is their high cost, which has often deterred potential users [8, 30, 31] . As such, low-cost Ti-alloys have been developed [10, 12] . Cost-effective alloying elements are added to reduce the costs of titanium alloys. For instance, Fores et al. (2004) mentioned that the addition of Fe instead of expensive alloying elements in Ti-alloy helps reduce costs [32] . For example, Ti LCB (Ti-4.5Al-6.8Mo-1.5Fe) and Ti-Fe-O-N alloy, which have been respectively developed in the USA and Japan, are developed with this approach [12] .
Examples of Ti-Alloys Containing Fe
Many alloys are designed by introducing Fe to improve the mechanical properties of alloys and to reduce their manufacturing costs. Some Ti-alloys, which contain Fe, are selected as examples and presented in the following sections. ATI425 TM Alloy. The ATI 425TM titanium (Ti-4Al-2.5V-1.5Fe-0.25O alloy) is a good example to describe the effect of Fe that partially replaces V . This alloy is commercially less expensive than Ti-6Al-4V and characterized by good mechanical properties and outstanding corrosion resistance suitable for marine and aerospace applications [33, 34] . Ti-10V-2Fe-3Al Alloy. This heat-treatable alloy provides a wide range of potential strength/toughness combinations depending on forging parameters [34, 35] . This alloy is useful for aerospace applications, such as large and one-piece forging for landing gears manufactured by Boeing and Airbus [36, 37] . SP700 Alloy. This β-rich and α+β alloy is designed with a nominal composition of Ti-4.5Al-3V-2Fe-2Mo by NKK. The β-phase content of this alloy is higher than that of Ti-6Al-4V through the addition of Mo and Fe. This alloy also has a fine grain structure and exhibits good superplastic formability at low temperatures [38] .
Cost Reduction Attempts
High-performance and low-cost Ti-alloys should be developed to improve their applications level [10, 39] . For instance, Fe has been introduced to Ti-alloys to reduce costs [3, [11] [12] [13] [14] [15] . This section describes some efforts that have introduced Fe to Ti-alloys. China. Low-cost titanium alloys have been extensively investigated in China. Ti8LC and Ti12LC low-cost titanium alloys have been developed by the Northwest Institute for Non-Ferrous Metal Research using a cost-effective Fe-Mo master alloy [9] . These alloys, which are considered a copyright of China, possess good mechanical properties at room temperature [12] Japan. Ti-4.3Fe-7.1Cr (TFC) and Ti-4.3Fe-7.1Cr-3.0Al (TFCA) alloys have been developed using low-cost ferro-chrome elements to reduce the costs of healthcare goods. These alloys, which are subjected to solution treatment in β-field, provide mechanical properties suitable for wheelchairs at a reasonable price [3] . Hideki and Kazuhiro (2002) proposed Ti-5.5Al-1Fe to substitute Ti-6Al-4V in various applications. Ti-5.5Al-1Fe possesses excellent fatigue strength, high strength, and high ductility [11] . Malaysia. Some researchers, including the authors, in UTM University in Malaysia replaced V with Fe by major modifying the compositions of Ti-6Al-4V alloy used in aerospace applications. 
Summary
Iron is an inexpensive β-stabilizing element used to replace expensive alloying elements, such as V and Mo, for Ti-alloy production. Fe addition is an effective method to improve the mechanical properties of Ti-alloys and reduce costs. Fe addition also contributes beneficial properties to Tialloys. The formation of intermetallic compounds, such as TiFe, can be avoided by introducing less than 3% of iron to Ti-alloy. Different Ti-alloys have been designed by adding Fe as an alloying element in the USA, Japan, and Russia. Other efforts have also been proposed to introduce new alloys.
